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ABSTRACT SYMBOL LIST 
High-speed generators currently under de- 
velopment for  ,pace power systems have iner t  
gas i n  the gap between the rotor  and s ta tor .  
the speeds invol-ved (24,000 rpm and 36,000 rpm) 
turbulent veloci ty  prof i les  are  developed, well 
above the leve ls  previously investigated. Power 
losses  due t o  windage become high and res111f. i n  
s ignif icant  heating of the e l e c t r i c  generator. 
This heating must be included i n  the generator 
thermal and e l e c t r i c a l  designs. 
Turbulent flow (Reynolds numbers above 
7000) f o r  concentric ro ta t ing  cylinders with 
Reynolds numbers as high as  40,000 have been pre- 
viously investigated.  For the  most par t ,  how- 
ever, these high Reynolds numbers were obtained 
using la rge  gap widths, (gap-to-radius r a t i o  of 
0 .1  t o  0.23). 
system a l te rna tors  require gap-to-radius r a t i o s  
of 0 . 0 1 t o  0.04 with Reynolds numbers as  high as 
200,000. Experimental data are  needed t o  extend 
the exis t ing information f o r  the design of future  
e l e c t r i c  generators. 
Windage t e s t s  were conducted on two con- 
centr ic  rotor-s ta tor  configurations, i n  ambient 
a i r ,  producing Reynolds numbers as high as 
100,000. 
e t e r  and an &inch diameter Lundell-type ro tor  
were operated a t  speeds up t o  36,000 rpm. 
to-radius r a t i o s  of 0.01 t o  0.04 were incorpo- 
rated. Tests were also conducted with a x i a l  
s l o t s  machined on the s t a t o r  surface of the 
Lundell configuration t o  simulate e l e c t r i c a l  
winding s lo ts .  The s t a t o r s  were mounted on a 
reaction-torque device so  t h a t  viscous drag from 
the surface of the  rotor  would be measured. 
Tests were a l so  conducted t o  determine the  pmp- 
ing character is t ics  of the conical sections of 
the Lundell rotor .  
discussed. 
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HIGH-SPEED GENERATORS current ly  under development 
for  space power systems incorporate i n e r t  gas i n  
the rotor-s ta tor  gap. 
prof i les  developed i n  t h i s  space are well above 
the leve ls  previously investigated. 
speeds involved (24,000 rpm and 36,000 rpm), 
windage losses  r e s u l t  i n  s ignif icant  heating of 
the e l e c t r i c  generator. 
cluded i n  the generator thermal and e l e c t r i c a l  
design. 
Laminar flow between concentric rotat ing 
cylinders has been studied by Couette (l)+. 
Taylor (2,3),  Vohr (4) ,  and DiPrima (5) studied 
the vortex flow regime. 
(Reynolds numbers above 7000) was investigated by 
Taylor, Vohr, Wendt and Pai (2,4,6,7) with Rey- 
nolds numbers as high as 40,000. These high Rey- 
nolds numbers, however, were obtained using la rge  
radial gap clearances, gap-to-radius r a t i o s  of 
0 .1  t o  0.23 (2,4).  Refereme 8 presents a pre- 
liminary study of windage losses  f o r  concentric 
ro ta t ing  cylinders with Reynolds numbers as high 
as 100,000 using gap t o  radius r a t i o s  of 0.01 t o  
0.04. These are  the  gaps considered f o r  designs 
of space-power al ternators .  
This paper presents r e s u l t s  of t e s t s  con- 
ducted on two close-clearance concentric rotor-  
s t a t o r  configurations. 
d r ica l  ro tor  was operated a t  speeds up t o  24,000 
rpm while an 8-inch major diameter rotor  config- 
uration representing a design for a smooth sur- 
face Lundell-type al ternator  rotor,  Fig. 1, was 
operated up t o  36,000 rpm. 
of 0.01, 0.02, and 0.04 were tested.  All t e s t s  
were performed i n  ambient a i r  and Reynolds num- 
bers  as  high as 100,000 were obtained. 
LundeU. s t a t o r  was t es ted  with a smooth surface 
and with a surface machined with ax ia l  s l o t s  t o  
simulate the  e l e c t r i c a l  winding s lots .  The sta- 
t o r s  were mounted on a reaction-torque device so 
t h a t  viscous drag from the surface of the  rotor  
would be measured. 
as  the  possible means of removing the  heat gen- 
erated by windage of the LundeU rotor.  
could be circulated through a heat exchanger by 
taking advantage of the pumping charac te r i s t ics  
of the conical t rans i t ion  sections. Except f o r  
a preliminary study ( 9 )  no information was avail- 
able on the pumping charac te r i s t ics  of enclosed 
rotat ing conical sections although studies of en- 
closed ro ta t ing  disks operating i n  the turbulent 
flow regime can be found i n  Refs. 10 and 11. Re- 
The turbulent veloci ty  
A t  the 
This e f fec t  must be in- 
The turbulent flow case 
A 12-inch diameter cylin- 
' 
Gap-to-radius r a t i o s  
The 
The a l te rna tor  cavity gas was considered 
The gas 
"Numbers in parentheses designate Refer- 
sults of the data presented in Ref. 9 are  dis-  
cussed here. 
APPARATUS 
The t e s t  apparatus ( f ig .  1) consisted of a 
smooth ro tor  supported a t  each end on b a l l  bear- 
ings and a housing ( s t a t o r )  attached t o  a "f loat-  
ing" support table.  Strain gages are  mounted on 
four flexure arms which held the housing and sup- 
por t  t ab le  so  t h a t  it would pivot about the ro tor  
axis.  Reaction torque (viscous drag) between the 
ro tor  and housing w a s  measured by means of a 
Wheatstone bridge c i rcu i t .  A var iable  speed dy- 
namometer consisting of a dc motor and two tandem 
gear un i t s  were used t o  drive the rotor .  A 
splined coupling connected the rotor  t o  the drive 
system. 
paratus i s  given i n  Ref. 8. 
A more complete description of the ap- 
ROTOR-HOUSING CONFIGURATIONS 
Dimensions of the cyl indrical  and Lundell 
rotor-housing configurations are shown i n  Figs. 2 
and 3, respectively. The ro tors  were made from a 
heat-treated forging of a low a l loy  vanadium 
s t e e l  and the  housings-were aluminum. The hous- 
ings were made so t h a t  they could be removed 
without changing the rotor  alignment. A l l  p a r t s  
were doweled o r  keyed so t h a t  the machined 
matching of  the par t s  could be reproduced. 
r a t e  and r ig id ly  connected sections corresponding 
t o  the  change i n  cross section of t h e  rotor.  A 
modified housing ( f ig .  4) was t e s t e d  t o  determine 
the e f f e c t s  of "fair ing in" the conical. t rans i - !  
t i o n  section of the rotor.  To t e s t  the  pumping 
ef fec t 'o f  the conical sections of the Lundell ro- 
to r ,  five holes were made i n  the center cyl indri-  
c a l  section of the housing. 
rotor-s ta tor  gap at each end of the rotor ,  passes 
through the conical pumping sections,  and e x i t s  
through the  f ive  rad ia l  out le ts .  Flow from t h e  
f ive  out le t s  i s  manifolded together and. piped 
through a flowmeter and flow control valve before 
being discharged back t o  t h e  atmosphere. 
TEST SEQUENCE 
The Lundell housing was made i n  f ive separ 
Flow enters  the 
The 12-inch diameter cyl indrical  ro tor  was 
t e s t e d  a t  speeds up t o  24,000 rpm f o r  each of the 
three gap widths. Several runs were made a t  each 
gap t o  ver i fy  the reproducibil i ty of the data. 
The Lundell rotor  was run a t  speeds up t o  . 
36,000 rpm. Tests were performed using the cen- 
encec a t  end of paper. 2 
t e r  cyl indrical  section of the housinb: and on the thermocouples were mounted on the housing extend- -
complete housing assembly. 
t e s t s  ha'd been pcr,tormed on the smooth surface 
housing, the center cyl indrical  housing section 
was machined with a x i a l  s l o t s  t o  simulate a l t e r -  
nator winding slots. For the  0.039-inch and 
0.080-inch gap widths (0.01 and 0.02 gap-radius 
r a t i o ) ,  s ix ty  equally spaced s lo ts  O.lT9linch 
wide by 0.010-inch deep were machined. Three 
s l o t  depths, 0.005, 0.010 and 0.050 inch, were 
incorporated in to  the 0.160 inch gap (0.04 gap- 
radius r a t i o )  housing. 
was used f o r  the smooth surface, non-conforming 
housing, seen i n  Fig. 4. 
The Lundell ro tor  and housing were a l so  
used t o  determine the pumping character is t ics  of 
rotat ing conical sections.  Due t o  symmetry, the 
two conical sections ac t  as ident ical  pumps i n  
para l le l .  With the flow control valve closed, 
these pumps w i l l  be dead-headed. A t  18,000; . 
24,000 and 30,000 rpm flow was varied by means 
of the flow control valve and head-flow data 
were recorded. 
bient  air. 
After a ser ies  of 
Only a gap of 0.1GO inch 
A l l  t e s t i n g  was performed i n  am- 
INSTRUMENTATION 
Instrumentation consisted of ro ta t iona l  
speed, torque, temperature, flowmeter and d i f fe r -  
e n t i a l  pressure sensors. 
means of a magnetic pickup and a 60-tooth gear 
arrangement on the shaft  of the dynamometer. The 
s ignal  generated was sent t o  a c o w t e r  and re-  
corded. Rotational speed could be controlled ' 
within 0.1 percent. 
Torque measurements were made using a re- 
act ion torque device. S t ra in  gages are  located 
on four f lexure arms so t h a t  they sense torque 
about only one axis. This ax is  was made t o  co- 
incide with the ax is  of the  rotor  and i t s  hous- 
ing. 
axis w i l l  produce a s t r a i n  proportional t o  the 
torque. All tare torques or loads remain con- 
s t a n t  and are compensated f o r  by cal ibrat ions.  
The torque uni t  was  cal ibrated by hanging accu- 
r a t e l y  known weights from a cal ibrat ion arm t o  
produce known torques. The s t r a i n  gage output 
from the Wheatstone bridge c i r c u i t  was  measured 
on an integrat ing d i g i t a l  voltmeter. s ignal  out 
put var ia t ion was 1 t o  2 percent. 
surements above l in.- lb  are  approxiTately 5 per 
cent accurate. The accuracy increases a t  the  
higher torque levels .  
constantan type J thermocouples. Bare-spike 
Speed was measured by 
Any torque developed about this sensing 
Torque mea- 
All temperatures were measured using iron- 
3 
ing halfway in to  the gap a t  several  a x i a i  loca- 
t ions .  Ambient temperature and the temperature . 
a t  the flowmeter i n l e t  were a l so  measured. 
flowmeter. The output of the  flowmeter was sent 
t o  a d i g i t a l  counter and recorded. 
was  then computed from a flowmeter cal ibrat ion 
curve. Accuracy of flow measurement i s  estimated 
t o  be 5 percent. 
A 2 .5  ps i  d i f f e r e n t i a l  pressure transducer 
was  used t o  measure the pump head r i s e  across the  
conical sections of the Lundell rotor .  Location 
of the pressure taps are shown i n  Fig. 3. The 
pressure transducer was cal ibrated against  a pre- 
c is ion Bourdon tube pressure gage. 
ing d i g i t a l  voltmeter was used t o  measure the 
s ignal  output. 
cent of fu l l  scale. 
Flow measurements were made using a turbine 
Actual flow 
An integrat-  
Transducer accuracy was 0.15 per- 
GENERAL COMMEXVTS FOR A CYLINDRICAL ROTOR 
Torque due t o  viscous drag on a ro ta t ing  
cylinder of radius R and ro ta t iona l  speed o 
is given by I '  
T = F R  0) 
where F i s  the f r i c t i o n a l  force on the cylin- 
der. The e f f e c t  of pressure forces i s  assumed , 
i negligible (7) .  By def ini t ion 
l a  
F ' M  ( 2 )  
where A i s  the f r i c t i o n  factor  o r  drag coeffi-  I 
c ient,  A i s  a charac te r i s t ic  area and K i s  the 
k ine t ic  energy/unit volume. Expanding Eq. (Z),' 
I 
F = h(2rm)(1/2pU2) (3) i 
' !  
'where U = OR. Combining terms and solving for :  I 
the  drag coeff ic ient  i n  terms of the  measured ' ! 
parameters, torque and speed 
Reynolds number is  defined as 
Re = E 
V 
t 
(4) 
The chara-cterist ic dimension D f o r  concentric 
ro ta t ing  cylinders i s  taken t o  be the r a d i a l  
gap thickne s s  . 
For the  data presented, two assumptions 
were made. The first was t h a t  the pressure i n  
the gap'remained ambient since the housing was 
not enclosed. The second was  tha t  the average 
gap temperature was equal t o  the gap temperature 
i n  the center of the housing. 
TWELVE-INCH DIAMETER CYLINDRICAL ROTOR 
A non-dimensional curve i s  p lo t ted  i n  
Fig. 5 of drag coeff ic ient  versus Reynolds num- 
ber  for  each of the three gap sizes.  Above a 
Reynolds number of 15,000 the deviation between 
drag coeff ic ients  f o r  the different  gaps i s  l e s s  
than +5 percent. This i s  supported by Taylor i n  
Ref. 2. 
O.ll6-inch gap (0.02 gap-radius r a t i o )  had higher 
drag coeff ic ients  than the 0.0565-inch gap 
(0.01 gap-radius r a t i o ) .  It would be expected . 
based on previous work, (Wendt, ( 6 ) )  t h a t  the I 
0.236-inch gap (0.04 gap-radius r a t i o )  would be 
s t i l l  higher; however, the torque values i n  t h i s  
range f o r  the 0.236 inch gap were extremely low, 
( l e s s  than 0.15 inch-pound) and subject t o  large 
error .  
Below a Reynolds number o f  10,000 the 
The curves of drag coeff ic ient  versus Rey- . 
nolds number change slope at an approximate Bey-, 
nolds number of 5,000 t o  7,000. 
sponds t o  the  change from vortex t o  turbulent 
' f low as shown i n  R e f .  4. A maximum Reynolds ' 
number of approximately ll0,OOO was at ta ined with 
the 0.236-inch gap housing. The e f fec t  of usin@ 
the temperature at the center of the housing,rac 
ther  than an integrated average temperature was1 
found t o  have a negligible e f f e c t  on the curve ; 
This corre- 
presented i n  Fig. 5. I ,  
the  different  values between the s l o t t e d  and un- 
s lo t ted  case. The curves f o r  the 0.039-inch gap " 
separate a t  an approximate Reynolds number of 
2,000 while the 0.080-inch gap separation point 
i s  approximately 4,000. Both points correspond 
t o  approximately 3,000 rpm. These e f f e c t s  are  
similar t o  those seen f o r  varying roughness on 
drag coeff ic ients  i n  pipe flow. The increased 
losses  due t o  the ax ia l  s lo t s  were 30 t o  50 per- 
cent a t  the higher Reynolds numbers. 
Reynolds number curves f o r  the 8-inch cyl indri-  
c a l  section with a smooth housing i s  similar t o  
those f o r  the 12-inch diameter rotor.  A t  the 
higher Reynolds numbers the curves a r e  within 
5 percent and the t rans i t ion  t o  turbulent flow 
also occurs i n  the same range (5,000 t o  7,000 
Reynolds number). 
c ients  for  the 8-inch diameter cylinder are . 
approximately 20 percent higher than f o r  the 12-  
inch cylinder. 
anamaly a re  being investigated. 
three d i f fe ren t  s l o t  depths (0.005"9 0.010", and 
0.050"). Slot  width and number of s l o t s  were 
maintained constant (O.ll9x60 equally spaced). I 
Figure 7 shows a d i rec t  re la t ion  between slot 
depth and drag Coefficient i n  the turbulent flow 
regime. The data f o r  the lower Reynolds numbers 
would be expected t o  coincide for  all the  slot 
depths. The deviation shown i s  within the ex- , 
perimental uncertaint ies  incurred f o r  t h i s  Rey-! 
nolds number range with the 0.160 inch gap : 
housing. As the s l o t  depth increases, the drag1 
coeff ic ient  curves deviate from the curve fop the 
smooth housing at lower Remolds numbers. The I 
The form of the drag coeff ic ient  versus 
However, the drag coeff i -  
Possible explanations f o r  t h i s  
The 0.160-inch gap housing was t e s t e d  for  
, 
0.005-inch slot produced approximately 2 1  percent; 
increase'd losses  while the 0.010-inch s l o t  pro- 
I duced a 50 percent increase. Apparently, the 
flow could not be turbulated fur ther  because i n - ,  
creasing the s l o t  depth t o  0.050 inch produced 
no noticeable effect .  
, LUNDELL 'ROTOR 
' 
EIGm-INCH DIAMETER CYLINDRIC& SECTION - 
Figure 6 presents curves of drag coeff ic ient  
versus Reynolds number for  the 8-inch diameter 
cyl indrical  section of the Lundell-type rotor.  I 
A l l  three gaps are  represented f o r  both the 
smooth and s l o t t e d  housings. For the 0.160-inch 
gap housing, only the  s l o t  depth of 0.010 inch is 
shown. 
the drag coeff ic ients  p lo t ted  i n  Fig. 5. 
the s lo t ted  versus unslotted housings coincide 
for  the  lower Reynolds numbers i n  both the 0.039 
and 0.080-inch gaps. Uncertainty for  these data 
are  approximately 5 percent. The 0.160-inch gap Pressures and temperatures. The slope of  the 
data i n  t h i s  Reynolds number range are  subject t o  
uncertaint ies  of f25  percent and may account for 
' LUNDELL-SHAl'ED HOUSING 
The p lo ts  of speed versus windage for  the 
The same assumptions a re  made here as for  -cQ?!!2oior-~slot ted housing configuration 
a re  shown i n  Fig. 8. 
loss  a t  36,000 rpm f o r  the 0.160 inch gap housing 
i s  approximately 4.7 m. Windage losses  for  t h i s  
ro tor  Can be scaled for  other f l u i d s  at different 
Curve i s  the Power proportionali ty between wind- . 
age and speed. Windage i s  seen t o  be an inverse 
function of gap width. 
Windage power loss, W, was  
The p lo t ted  points f o r  drag coeff ic ient  of calculated using w = TU (eq. (6)). The power 
4 
Power losses  f o r  the s lo t ted  Lundell hous- 
ings were higher than f o r  the unslotted housings, 
approximately 6.0 kW f o r  the 0.160 inch gap hous- 
ing with 0.010 inch slots at 36,000 rfmT- The in- 
crease was equal t o  the additional 102: contrib- 
uted by the s lo t ted  cyl indrical  section. 
ferent  slot configurations w i l l  produce different  
overal l  power losses. 
a gap width of 0.160 inch and a smooth surface 
was t es ted  and compared t o  the housing with the 
f a i r e d  t rans i t ion  sections. Losses were approxi- 
mately 1 2  percent higher f o r  the modified hous- 
ing. 
D i f -  
-- _ _ _  ._ . ~ - 
A modified Lundell housing ( f ig .  4) having 
PUMPING CHARACTERISTICS OF THE CONICAL SECTIONS 
Head-flow performance of the conical sec- 
t i o h s  with a 0.160-inch gap i s  shown by the non- 
dimensional curve i n  Fig. 9 for  three speeds- 
18,000; 24,000; and 30,000 rpm. Pressure co- 
e f f ic ien t  i s  defined here as the r a t i o  of the 
measured pressure r i s e  t o  the k ine t ic  energy of 
the f luid.  
(7) ap Pressure coeff ic ient  = 
1 2 p2 (r: - r:) 
where 
AP = pressure rise 
(0 = angular veloci ty  
ri = minor coiie radius  
f l o w  ve,locity t o  the rotor  velocity. 
term used i s  Q1/mZ where Ql = i n l e t  volume 
flow rate. It was assumed t h a t  the flows were 
ident ica l  for the two "pumps" i n  paral le l .  
gera ture  at  the base o f  the  cones could not be j , 
maintained constant during the  t e s t .  
f o r  18,000 r p m  was obtained a t  86' F*6' F; a t  
24,000 rpm the temperature was  ll5' F+EO F; and 
a t  30,000 rpm the temperature was 145O F+2O0 F. 
The dead-head (no-flow) pressure r i s e  f o r  
the ro ta t ing  truncated cones can be predicted 
within 10 percent by calculating the k ine t ic  
energy increase i n  the f lu id .  The assumption 
must be made t h a t  the average core veloci ty  i s  
approximately one-half the ro tor  speed. 
e i t h e r  flow or head r i s e  i s  given, the curves 
presented i n  Ref. ll for enclosed rotat ing disks 
can be used t o  approximate the operating point. 
'p  = density ' I  
I '  ro = major cone radius ! ,  
! Flaw coeff ic ient  i s  the  r a t i o  of the gas 
The actual  
Tem- 
The curve 
If 
r 
u 
It was found t h a t  changing the  gap width had no 
ef fec t  on the  dead-head pressure r i se .  
SUMMARY OF RESULTS 
-- 
Two rotors,  a 12-inch diameter cylinder 
and an &inch diameter Lundell-type rotor ,  were 
rotated i n  ambient air a t  speeds up t o  36,000 
rpm within s ta t ionary concentric housings. 
Three gap widths were used for  each rotor,  cor- 
responding t o  approximately 1 percent, 2 percent 
and 4 percent of the rotor  radius. The center 
cyl indrical  section of the Lundell housing was 
t e s t e d  with both a smooth surface and with a x i a l  
s l o t s  simulating a l te rna tor  winding s lo ts .  Re- 
sults of the t e s t s  were: 
produced. 
e t e r  cylinder were approximately 20 percent 
higher than for  the  12-inch diameter cylinder. 
3. P m r  loss  f o r  a s l o t t e d  s ta t ionary 
cylinder i n  the turbulent flow regime can be I 
50 percent higher than f o r  a smooth cylinder. , 
The loss varies  d i rec t ly  with s l o t  depth but  re- 
'mains constant a f t e r  a c r i t i c a l  depth i s  reached. 
1. Reynolds numbers above 100,000 were 
2. Drag coeff ic ients  f o r  the 8-inch diam; 
4. Power loss is. an inverse function of 
5. Rotating truncated cones a c t  as typ ica l  
gap size. 
pumps, with head r i s e  proportional t o  speed 1 
squared and flow proportional t o  speed. For, a j 
' g iven  flow, the operating point of a conical I 
pump can be approximated using equations f o r  enL 
1 closed ro ta t ing  disks. ! t  
6. Gap Width has a negligible e f f e c t  on the  
dead-headed pressure r i se .  
I I  
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Figure 1. -Windage test apparatus for Lundell-type rotor. 
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Figure 2. - Cylindrical rotor-housing configuration. (A l l  dimensions 
are in inches.) 
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Figure 3. - Lundell rotor-housing configuration. 
Figure 4. - Modified Lundell housing. 
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Figure 5. - Drag coefficient versus Reynolds number for a 12 inch diameter rotating 
cylinder i n  a stationary cylindrical housing. 
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Figure 9.  - Head-flow characteristics of rotating conical sections at 
three speeds. 
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